ABSTRACT With the current researches on replacing antibiotics with different dietary interventions, bacteriophages (BP) are potential antimicrobial intervention because of their ability to affect specific bacteria. A study was conducted to evaluate the role of BP against Salmonella enterica serovar Enteritidis (SE) on SE internal organs colonization and ileum immune response in laying hens. Hens were challenged both orally and intracloacally with 10 8 cfu/mL cells of nalidixic acid resistant Salmonella Enteritidis (SE NAR ). Thirty-two Single Comb White Leghorns were randomly allocated to 4 dietary treatments: 1) unchallenged control (negative control; T1), 2) SE NAR challenged control (positive control; T2), 3) SE NAR challenged + 0.1% BP (T3), and 4) SE NAR challenged + 0.2% BP (T4). The number of SE NAR in the ceca was significantly reduced by 0.2% BP supplementation (P < 0.05) at 7 d post infection (dpi). The respective number of SE NAR was reduced from 2.9 log cfu/gm in T2 and T3 to 2.0 log cfu/gm in T4. There was no significant effect of T3 on reduction of numbers of cecal SE NAR . A significant reduction of SE NAR was observed in the liver with gall bladder (LGB) from 0.75 in T2 to 0.18 log cfu/gm in T4. In the spleen, T4 significantly reduced (P < 0.05) SE NAR to 0.56 log cfu/gm compared to T2 and T3 (0.94 log cfu/gm). There was no significant effect of T3 in reduction of prevalence of spleen SE NAR . By supplementing 0.2% BP (T4), the SE NAR in the ovary was reduced to 0 log cfu/gm. There was a significant reduction (P < 0.05) in fecal SE NAR at 6 dpi by T4 (0.71 log cfu/gm) compared to the positive control (1.57 log cfu/gm). The expression of interferon (IFN)-Γ, interleukin (IL)-6, and IL-10 was significantly increased in the ileum by SE NAR challenge compared to the negative control. This study suggests that apart from commonly used prebiotics or probiotics, BP are pathogen-specific and can be used as one of the dietary strategies to reduce SE colonization and induce immune modulation in laying hens.
INTRODUCTION
Salmonella Enteritidis (SE) and Salmonella Typhimurium are major serovars accountable for foodborne illness, causing 74% of human zoonosis cases (EFSA, 2015) . Due to the emergence of multiple drug resistant bacteria, including Salmonella enterica, there has been a search for new alternatives to antimicrobials (Golkar et al., 2014) . Bacteriophages (BP) have recently been receiving much attention as one of the alternatives to antibiotics to reduce resistant bacteria (Lee et al., 2015) . BP are the viruses that infect and replicate in prokaryotic cells and inject the required amount of components for BP replication into the bacterium (Kim et al., 2013) . BP are commonly administered via drinking water, in feed, or in ovo (Schneitz, 1992; Blankenship et al., 1993; Mead, 2000) . Alteration of the composition of gut microbiota is one of the mechanisms of BP (Mead, 2000) , and the use of BP to reduce the pathogens such as Salmonella has been studied using broiler chickens and their carcasses (Higgins et al., 2005; Toro et al., 2005; Borie et al., 2008b) . However, there are not enough published studies that include laying hens challenged with SE and in-feed supplementation of BP as one of the dietary interventions. Therefore, our objectives were to evaluate the role of BP in reducing the number of nalidixic acid resistant S. Enteritidis (SE NAR ) colonizing the ceca and internal organs, as well as the effect on ileum immune mRNA gene expression in laying hens. 4.4 4.4 4.4 Available P (%) 0.5 0.5 0.5 1 0 = fed to hens either unchallenged (T1) or challenged with Salmonella but not supplemented with bacteriophage (T2), 0.1 = challenged with Salmonella + 0.1% of bacteriophage (T3), 0.2 = challenged with Salmonella + 0.2% bacteriophage (T4).
2 Supplied as per kg of diet: thiamin mononitrate, 2.4 mg; nicotinic acid, 44 mg; riboflavin, 4.4 mg; D-Ca pantothenate, 12 mg; vitamin B12 (cobalamin), 12.0 g; pyridoxine HCl, 4.7 mg; D-biotin, 0.11 mg; folic acid, 5.5 mg; menadione sodium bisulfite complex, 3.34 mg; choline chloride, 220 mg; cholecalciferol, 27.5 g; transretinyl acetate, 1,892 g; α tocopheryl acetate, 11 mg; ethoxyquin, 125 mg.
3 Supplied as per kg of diet: manganese (MnSO4.H2O), 60 mg; iron (FeSO4.7H2O), 30 mg; zinc (ZnO), 50 mg; copper (CuSO4.5H2O), 5 mg; iodine (ethylene diamine dihydroiodide), 0.15 mg; selenium (NaSe03), 0.3 mg.
MATERIALS AND METHODS

Experimental Hens and Husbandry, Bacterial Strain, and Challenge Protocol
Thirty-two Single Comb White Leghorns (40 wk old at the beginning of the study) were housed at the Poultry Research Center, University of Georgia in Athens.. Hens were kept individually in wire-layer cages and fed a corn-soybean layer control ration for one wk and then the treatment diets for 2 wk (Table 1) . The feed was formulated to provide crude protein (CP) of 16%, metabolizable energy (ME) of 2,850 kcal/kg, calcium (Ca) of 4.4%, and available phosphorus (P) of 0.5% (NRC, 1994) . Hens were provided with water (automatic nipple drinkers) and mash feed ad libitum and housed under a 16 h light:8 h dark schedule throughout the experimental period. Hens were randomly divided into 4 groups: 1) without SE NAR challenge (negative control; T1), 2) SE NAR challenge (SE NAR challenge control; T2), 3) SE NAR challenge + 0.1% BP (CTCBIO, Seoul, Korea) (T3), and SE NAR challenge + 0.2% BP (T4).
The BP product used in our study contained 2 bacteriophages (bacteriophage SP-1 and bacteriophage STP-1). These BP can infect and kill several serovar of Salmonella including Salmonella Enteritidis, Salmonella Gallinarum, and Salmonella Typhimurium, with different effectiveness against each Salmonella serovar and were isolated from environmental samples collected from several poultry farms. These BP were deposited at the Korean Collection for Type Culture (KCTC) [Deposit number of bacteriophage SP-1 is KCTC 11737BP; and deposit number of bacteriophage STP-1 is KCTC 12012BP].
After one-week adaptation to the treatment diets, hens were individually infected with both the oral and intracloacal methods with 10 8 cfu/mL SE NAR (Adhikari et al., 2017) . The SE NAR strain used in our study was obtained from Dr. Richard Gast (USDA, Athens). SE NAR was obtained as a frozen stock from the USDA National Poultry Research Center, Athens. Frozen stock cultures of SE NAR were maintained at -80
• C in nutrient broth and 16% glycerol until needed. The SE NAR were revived from frozen cultures onto a brilliant green agar with sulphapyridine containing nalidixic acid (BGS-Nal). The plates were incubated for 24 h at 37
• C to ensure log phase growth. Isolated SE NAR colonies were transferred to 9 mL of sterile 0.85% saline solution. The animal experiment was approved by the Institutional Animal Care and Use Committee (A2014-07-016).
Sampling Protocol, Bacteriological Recovery of SE NAR in Feces and Internal Organs
Fecal samples were collected for SE shedding on 3 and 6 d post infection (dpi). On 7 dpi, all hens including control groups (T1 and T2) were humanely euthanized by electrocution, and the ceca, liver with gall bladder (LGB), spleen, and ovary were collected aseptically for SE enumeration. All tissue samples were placed into labeled sterile plastic sampling bags (Fisher Scientific, Pittsburgh, PA) and transported on ice to the U.S. National Poultry Research Center, USDA (Athens, GA). Quantitative bacteriology was performed for feces, ceca, as well as other organs. Ileum samples were excised aseptically and frozen immediately and stored at -80
• C until analyzed for inflammatory cytokines.
The numbers of SE NAR per g of organ samples were estimated using a 3 swab plating method as suggested by (Blanchfield et al., 1984) . For bacteriological analyses, both feces and organ samples were weighed and diluted in buffered peptone water (BPW) 3 × volume to weight. After stomaching for 60 s, a cotton-tipped swab was dipped and rotated in the sample bag for 5 seconds. A BGS-Nal plate was surface-swabbed (plate A). A second swab was placed into a stomacher bag, transferred, and broken off into a 9.9 mL BPW dilution tube. The dilution tube was vortexed for 10 seconds. A second BGS-Nal plate (plate B) was taken and inoculated by dipping a fresh swab into the dilution tube and spreading as above. All plates together with the samples were incubated at 37
• C overnight. Negative samples were restreaked from the overnight pre-enrichments onto a BGS-Nal plate and incubated at 37
• C overnight. The swab dipped and rotated took up approximately 0.15 g of sample material and deposited approximately 0.055 g onto plate A. The sample materials contained on the fresh swab created an approximate 100-fold dilution when vortexed in 9.9 mL of BPW. A fresh swab dipped into the BPW suspension picked up approximately 0.36 g and deposited approximately 0.0005 g of sample material on plate B. The total factor for the estimation count was 54 (18 × 3) on the A plate, and the B plate was diluted 100 times. Thus, the multiplier was 5,400 for the B plate. A log count of 1.5 was assigned to the SE NAR detected from pre-enriched samples.
RNA extraction, cDNA Synthesis, and Quantitative Reverse Transcription Polymerase Chain Reaction (qRT-PCR)
Total RNA was extracted from ileum samples using QIAzol reagents (Qiagen, Life Technologies, Valencia, CA). Tissues were macerated using a mini-bead beater-16 homogenizer (Biospec Products, Fisher Scientific, Bartlesville, OK) for 3 minutes. RNA pellets were dissolved in 200 μl nuclease-free water (Ambion, Applied BioSystems, Life Technologies, Carlsbad, CA), and concentration of RNA was determined using a NanoDrop 2000 spectrophotometer (Thermo Fisher Scientific, Waltham, MA). The purity of RNA was verified at an optical density ratio of 260 to 280 nm. RNA was normalized to a concentration of 2 μg/μl after which it was reverse-transcribed using high capacity cDNA synthesis reverse transcription kits (Applied BioSystems, Life Technologies, Carlsbad, CA) following manufacturer's protocol. Primers for chicken immune genes such as toll-like receptor (TLR-4), interleukins (IL-1B, IL-6, and IL-10), and interferon (IFN)-Γ were designed from mRNA sequences of target genes that were obtained in National Center for Biotechnology Information (NCBI). Quantitative reverse transcription polymerase chain reaction (qRT-PCR) was performed in duplicate reaction using both forward and reverse primers, cDNA, SYBR Green (Applied BioSystems, Life Technologies, Carlsbad, CA), and nuclease free water. qRT-PCR was performed using a step one thermo cycler (Applied Biosystem, Foster City, CA). Glyceraldehyde 3-phosphate dehydrogenase (GAPDH) was used as a housekeeping gene and used to normalize the expression of all target genes. Pairs of primers used in this study are shown in Table 2 .
Statistical Analysis
The positive numbers of SE NAR from feces, ceca, and organs were transformed into logarithms (log 10 cfu). Data were analyzed by one-way ANOVA using PROC GLM of SAS (SAS 9.2). Mean differences in the SE NAR numbers and cytokines among the treatments were determined using Duncan's multiple range test. The percentage positive among treatments were compared using Fisher's Exact Test (GraphPad Prism 6 software).
All the values were deemed significant if P < 0.05.
RESULTS
SE Numbers in Ceca, LGB, Spleen, and Ovary
Enumeration of SE NAR was performed in the ceca, LGB, spleen, and ovary. Negative control was not contaminated and yielded negative results throughout the experiment. Supplementation of BP at 0.2% (T4) significantly reduced (P < 0.05) cecal SE NAR numbers (2.0 log 10 cfu/gm) compared to T2 (2.9 log 10 cfu/gm) and T3 (2.9 log 10 cfu/gm) at 7 dpi (Table 3) . Quantitative bacteriology of LGB showed significantly lower SE NAR in T4 (0.18 log 10 cfu/gm) compared to T2 group (0.75 log 10 cfu/gm) ( Table 4 ). All LGB in negative control remained negative throughout our experiment.
In the spleen, supplementation of 0.1% BP (T3) did not affect the SE NAR numbers compared to T2. However, 0.2% BP (T4) significantly reduced (P < 0.05) the numbers from 0.94 (T2) to 0.56 log 10 cfu/gm (Table 4 ). There was a 0.4-log 10 reduction in the T4 group compared to T2 or T3. All negative control hens (T1) remained negative in the spleen. In the ovary, T4 completely reduced (P < 0.05) the SE NAR numbers to zero compared to T2. The overall numbers were lower in the ovary (0.19 log 10 cfu/gm) than either in the spleen (0.94 log 10 cfu/gm) or LGB (0.75 log 10 cfu/gm).
SE Percentage Positive in Ceca, LGB, Spleen, and Ovary
In the ceca, negative control had 0% positive, whereas SE NAR challenge control had 100% positive SE NAR . T3 and T4 reduced the positive percentage to 88 and 87, respectively (Table 3 ). In the LGB, spleen, and ovary, negative control showed 0% positive SE NAR (Table 4 ). In LGB, the positive percentage of SE NAR in SE NAR challenge control was 50% and was significantly reduced (P < 0.05) to 25 and 12.5% by supplementing T3 and T4, respectively (Table 4) . Spleen was 62.5% positive in T2 and T3 but significantly reduced (P < 0.05) to 37.5% by supplementing T4. Ovary showed 12.5% positive in T2 and T3, whereas in T4 the percentage was significantly reduced (P < 0.05) to 0% (Table 4) .
SE Numbers and Percentage Positive in Feces
The enumeration of SE NAR in feces at both 3 and 6 dpi are shown in Table 5 . There were no significant differences in the SE NAR count at 3 dpi among the treatment groups. By 6 dpi, T4 (0.71 log 10 cfu/gm) significantly lowered (P < 0.05) the SE NAR count in fecal samples compared to T2 and T3 (1.57 log 10 cfu/gm). There was a 0.86-log 10 reduction in fecal samples by 6 dpi. The percent positive of feces in T2, T3, and T4 were 100, 87.5, and 87.5%, respectively, by 3 dpi. At 6 dpi, the percent positive of T4 was significantly reduced (P < 0.05) to 37.5% compared to T2 (75%) and T3 (75%). Negative control was SE NAR negative in both 3 and 6 dpi (Table 5) .
Cytokine mRNA Gene Expression in the Ileum
The relative expression of immune genes in the ileum with or without BP supplementation is shown in Figure 1 (a to e) . The SE challenge control showed significant increase (P < 0.05) in most of the immune genes tested such as IFN-Γ, IL-6, and IL-10). TLR-4 was significantly up-regulated (P < 0.05) in hens challenged and fed BP diets (T3 and T4) compared to the negative control (T1). The relative expression of IFN-Γ mRNA was significantly higher (P < 0.05) in hens with SE challenge control (T2) or SE challenge with 0.1% BP supplementation (T3) compared to the negative control (T1). However, the expression of IFN-Γ mRNA in T4 (0.2% BP) was not different from T3 or T2. There was a significant increase (P < 0.05) in IL-6 mRNA expression in hens SE challenge control (T2) as well as the challenged and BP supplemented group (T3) compared to the T1 group. T3 and T4 significantly reduced IL-6 mRNA expression compared to T2. However, in SE challenged with 0.2% BP (T4), the expression of IL-6 was reduced and not different from our unchallenged control group (T1). IL-10 mRNA expression was significantly increased (P < 0.05) in all the SE challenged groups (T2, T3, and T4) compared to unchallenged control group (T1). However, there were no significant differences in IL-10 mRNA expression among T2, T3, and T4. IL-1B mRNA expression was significantly (P < 0.05) up-regulated in the T4 group compared to T1, whereas there were no significant differences among T1, T2, and T3.
DISCUSSION
SE Numbers in Ceca, LGB, Spleen, and Ovary
In a study in laying hens, rates of cecal colonization by Salmonella were over 95% at 5 to 6 dpi given 10 7 cfu cells of Salmonella (Gast et al., 2013) . One study reported that SE NAR colonized as high as 81% of the poultry intestinal tract (Gast et al., 1993) . In our study, the SE NAR challenged group had the cecal Salmonella positive as high as 100%. Supplementation of 0.2% BP in the present study significantly reduced the prevalence as well as numbers of SE NAR in the ceca. There have been few studies that used supplementation of BP in reducing Salmonella or Campylobacter, especially in broilers (Loc Carrillo et al., 2005; Atterbury et al., 2007) . According to Loc Carrillo, et al. (2005) , high numbers of Campylobacter colonize the chicken intestine, and as such are a promising target for phage therapy. Some BP produce progeny without destroying their bacterial host, while others have means to temporarily integrate their genome into the bacterium where it is replicated along with the bacterial genome and potentially introduces new traits or modifies the expression of host traits (Joerger, 2003) . The use of lytic BP to kill different bacterial strains after oral gavage in broilers has proven to be efficient, as therapeutic or prophylactic against Salmonella (Atterbury, et al., 2007; Borie et al., 2008a; Gorski and Weber-Dabrowska, 2005) . However, no studies have used BP to reduce the intestinal colonization and fecal shedding of Salmonella in laying hens.
A modest reduction of 1 to 1.3 log 10 compared to the SE challenged group was observed in studies with SE infection and BP supplementation (Joerger, 2003; Bardina et al., 2012) . Similarly, the counts of SE NAR in internal organs including LGB, spleen, and ovary in the SE challenged control (T2) in the current study were similar to those reported by Toro et al. (2005) . There were less positive SE NAR in the ceca in the SE challenged control group in the current experiment (2.9 log 10 cfu) than in a previous study in which the average of 5.67 log 10 cfu cells of Salmonella was prevalent (Toro, et al., 2005) . One reason for this could be due to the older age of Leghorns used in our study that could be more resistant to SE NAR colonization in the gastrointestinal tract and the primary and secondary lymphoid organs. The incidence of SE NAR positive ovaries in the current study (12.5%) was similar to some of the previous studies in which fewer ovaries (6 to 33%) were positive by 5 to 6 dpi (Keller et al., 1995; Gast, et al., 2013) .
SE Numbers in Fecal Shedding
The shedding pattern of SE NAR in feces at 3 dpi was higher (2.8 to 3.45 cfu/gm) than one at 6 dpi (0.71 to 1.57 cfu/gm) in all treatments. The susceptibility of the intestinal tract against Salmonella is higher in the earlier d of age in birds, and once the gut microbiota develop, birds are less susceptible to infection (Nurmi and Rantala, 1973) . Whereas Salmonella can be shed in the feces for many months after the infection of young chicks, bacterial clearance usually proceeds much more rapidly in adult birds (Gast et al., 2005) . Intestinal colonization by Salmonella usually declines steadily following experimental infection of mature chickens (Gast, et al., 2005) . The reason behind such declination in mature chicks can be explained by the reduction of systemic infection due to greater humoral immune response (Muir et al., 1998) . However, in a study, the humoral immune response from immunoglobulin A (IgA) may not have provided complete protection against SE colonization nor have had the ability to fully combat SE infection of the alimentary tract, as complete clearance of SE from the crop and feces of all the experimentally infected hens did not occur (Vaughn et al., 2008) . Another factor likely to act gradually to reduce colonization levels would be direct (for attachment sites) and indirect (via production of metabolites that inhibit Salmonella) competition with other gut microbiota (Durant et al., 2000; Revolledo et al., 2006; Ushijima and Seto, 1991; van der Wielen et al., 2002) . Additionally, measuring the Salmonella load in the gut contents (in orally infected birds) is subject to a gradual dilution effect. These salmonellae would initially be introduced in the contents; some would attach and colonize, and others would be gradually eliminated as the contents are excreted. Some of those salmonellae introduced in the oral dose might still be present in the contents at 3 dpi, but they would presumably have been mostly eliminated by 6 dpi.
Cytokine mRNA Gene Expression in the Ileum
Toll-like receptors recognize the pathogen associated molecular patterns of Salmonella and are a part of innate immunity (Takeda and Akira, 2005) . Such an innate immune response relates to the production of proinflammatory cytokines and chemokines that eventually initiate the control of bacterial multiplication (Kawai and Akira, 2006; Weiss et al., 2004) . Moreover, in in vivo oral challenge experiments with Salmonella, TLR-4 has a predominant role for host survival and containment of Salmonella growth (Weiss, et al., 2004) . Tolllike receptors like 2, 4, 5, 6 and 10 are expressed and activated at the surface of host cells, mainly recognizing the bacterial products unique to bacteria and not produced by the host (Mogensen, 2009) . As a general rule, Gram-negative bacteria are recognized by TLR-4 via the lipopolysaccharides present in the cell walls (Poltorak et al., 1998) . Similar to our study, Salmonella LPS challenge up-regulated more TLR-4 expression in the ileum than in the spleen in broilers (Shang et al., 2015) . A study that used probiotics in mice increased the expression of TLR-4 compared to their SE challenge control (Castillo et al., 2011) . IFN-Γ, a major Th1 cytokine produced by T helper cells and natural killer (NK) cells, has been demonstrated to play an important role in protection against Salmonella infection in avian hosts (Okamura et al., 2004) . The association of IFN-Γ production and clearance of primary Salmonella infection was suggested previously (Bao et al., 2000; Withanage et al., 2005) . In our study, SE challenge and BP supplemented groups had higher levels of IFN-Γ compared to the negative control. A study reported that SE challenge up-regulated the RNA expression of IFN-Γ in the spleen at 14 dpi (Chappell et al., 2009 ).
IL-1B, a pro-inflammatory cytokine, plays an important role in antimicrobial host defenses (Lee et al., 2010; Netea et al., 2010) . IL-6 is a multifunctional cytokine that has pro-inflammatory activity by the induction of acute phase protein synthesis as well as aids in the adaptive immune responses (Kaiser et al., 2000) . Increase in both IL-1B and IL-6 after Salmonella challenge in the current study was similar to the study that observed high-level production of both cytokines after the Campylobacter infection (Smith et al., 2005) . The expression of IL-6 being higher after Salmonella challenge has been reported in a study in Salmonella infected macrophages (Withanage, et al., 2005) . The reduction in IL-6 expression after adding BP may be related to a decreased number of SE. When there is lower IL-6, there is lower lipolysis that leads to lower energy expenditure and finally energy saving (Wang and Ye, 2015) . This phenomenon could benefit better growth performance in chickens fed BP.
IL-10, an anti-inflammatory cytokine, can directly regulate both innate and adaptive immune responses by limiting T-cell activation in lymph nodes and suppressing pro-inflammatory responses in tissues (Couper et al., 2008) . Our results correspond to previously published literature in that Salmonella Typhimurium significantly increased expression of IL-1B, IL-18, and IFN-Γ (Yasuda et al., 2002) . In a study by Shang, et al. (2015) , Salmonella LPS challenged to broiler chicks increased the ileum gene expression of major cytokines such as IFN-Γ, IL-1B, and IL-10. In the same study, dietary fructoligosaccharides further increased the expression of pro-and anti-inflammatory cytokines under the SE challenged condition, suggesting that there are synergistic effects of diet and Salmonella challenge in up-regulating both pro-and anti-inflammatory functions in the host. Furthermore, an increased expression of pro-inflammatory cytokines and chemokine genes was reported to be associated with increased resistance to SE, including higher levels of IL-1B, IL-6, IL-8, IL-18, and chemokine ligand -2 (CCLi2) in heterophils, monocyte-derived macrophages, the ceca, and cecal tonsil (Ferro et al., 2004; Setta et al., 2012) . Bacterial infections in animals theoretically can be controlled by BP treatment through either of 2 mechanisms: 1) direct BP lysis and 2) immune response via bacterial lysate produced by BP (Borysowski and Górski, 2008) . Some of the cytokines being affected by BP treatment in our study suggest that there is an immune response associated with the BP supplementation.
CONCLUSION
The study has demonstrated that supplementation of 0.2% BP can be useful to reduce the cecal as well as internal organs Salmonella in laying hens. The supplementation of BP also reduced the fecal shedding, especially at 6 dpi, and up-regulated the pro-as well as anti-inflammatory cytokines in the ileum. Further work needs to be undertaken to determine the safety, stability, and therapeutic efficacy before we completely implant such a dietary strategy to reduce pathogen colonization in laying hens.
